Swift scientific advances in the area of nanoscience suggest that nanotechnology will play an increasingly important role in our everyday lives. Thus, knowledge of the principles underlying such technologies will inevitably be required to ensure a skilled industrial workforce. In this paper we describe the development of a virtual educational environment that allows for various direct interactive experiences and communication of nanophenomena to pupils and citizens, ranging from desktops to immersive and multi-sensory platforms. At the heart of the architecture is a nanoparticle simulator, which simulates effects such as short-range interaction, flexing of nanotubes and collisions with the solvent. The environment allows the user to interact with the particles to examine their behaviour related to fundamental science concepts.
Introduction
Rapid scientific progress in nanoscience suggests that nanotechnology will play an increasingly prominent role in our everyday lives, so learning about phenomena at the nanoscale is becoming increasingly important [1] . Thus, knowledge of the principles underlying nanotechnologies will be required to be harnessed if we are to ensure a skilled industrial workforce. In addition, an awareness of 'nano' is critical for the public to make informed democratic decisions concerning the perceived benefits and risks associated with nanotechnology, as society adapts to the emerging nanorevolution. Research-based educational interventions for exposing learners to nano concepts are urgently required to meet these needs.
This paper describes the development of a virtual educational environment that allows pupils and citizens to directly experience different interactive nanophenomena, ranging from desktops to immersive and multi-sensory hardware platforms. The system includes a simulation of nanoparticles that runs at an interactive rate. Through computational steering, the simulation is connected to direct manipulation by the user allowing for instantaneous feedback about the behaviour and reaction to user input. The simulator includes interaction between nanoparticles as well as intermolecular interaction between nanoparticles and solvent molecules.
There are three main contributions of this paper. Firstly, a description of an immersive, multi-sensory learning environment with inherent flexibility and portability between capabilities on different hardware platforms. This aims to provide support for different educational situations, ranging from classroom studies to public exhibitions. Secondly, we present approaches and methods for simulating nanoparticle behaviour at interactive rates. Thirdly, we provide links between the interactive environment and intended learning outcomes.
Nanoscience and Educational Perspectives
Nanoscience concerns structures that have at least one dimension in the range of 1-100 nm. At this level of scale, objects manifest radically different physical properties from the macroscopic scale of everyday life [9] . Examples of such contrasts are the inherent stickiness of molecules due to attractive intermolecular forces, the drastically reduced influence of gravity in comparison with other forces, and the constant random motion of nano-objects in solution.
Framing the Problem
The differences noted above are not intuitive for learners, and educational research suggests that pupils have difficulties in attempting to make transitions between different levels of scale, and in particular, grasp the specific scale at which nanophenomena occur [4] . A further obstacle for learning is that the nanoscale is inaccessible to our immediate senses. In addition, a lack of knowledge concerning the basis of nanotechnology has also been observed amongst the public [1] .
Visualizations are often necessary for communicating the abstract and non-perceptual nanoscale ideas. Immersive multimodal systems have shown great potential as learning tools for nanotechnology concepts [4] . The notion that learning is connected to our bodily experiences[11] could be exploited by an immersive virtual representations of nanophenomena. Such a system could stimulate learners to integrate embodied knowledge in their construction of a scientific understanding concerning principles that govern the behavior of matter at the nanoscopic scale.
Recent work on learning in virtual environments in a nano-context has focused on letting users interact with simulations of advanced equipment such as atomic force microscopy [5, 6] . However, apart from a few examples (e.g. [8] ), there are not many available virtual learning environments that actually allow students to interact with representations of nanoscale objects.
For some concepts, we deem that the interactive, multimodal experience of nanoparticle behaviour is essential. However, for other concepts a subset of features may suffice. To facilitate an optimal balance between features and affordability for each purpose, the learning environment is designed to include a set of capabilities that include nanoparticle simulation, 3D computer graphics, interaction and sound, and a high level of portability between different hardware platforms. The interactive capabilities will then be enabled by the platform on which the system is executed. By supporting portability between different hardware platforms, we make it possible to choose between a variety of capabilities.
